We evaluated the effect of the MD-Logic system on overnight glycemic control at patients' homes.
challenge now facing us is its use in the patient's home and integration into the everyday routine.
The Diabetes Wireless Artificial Pancreas Consortium (DREAM) was established by three diabetes centers in Slovenia, Germany, and Israel. The DREAM goal is to implement the MDLogic artificial pancreas (11) to automatically control and manage blood glucose in the daily routine of the patients, seeking to maintain blood glucose within the desired range while lowering the risk of hypoglycemia and reducing the burden of diabetes management.
Over the past 5 years, a number of studies have been carried out to assess the safety and efficacy of the MD-Logic system for overnight glucose control in children, adolescents, and adults in various settings (2, (12) (13) (14) . Results of these studies demonstrate the safety and efficacy of the MD-Logic system, which achieved significantly less hypoglycemia and tighter overnight glucose control than the standard treatment (i.e., continuous subcutaneous insulin infusion or sensor-augmented pump [SAP] therapy) (2, (12) (13) (14) .
The MD-Logic system was designed to have several safety layers and fault detection capabilities to suit the requirements for automated control of overnight insulin delivery. To the best of our knowledge, automated insulin delivery systems have not yet been tested for more than a 3-week period at home. In the current study, we extended the duration of use of the closed-loop system for a relatively long period of time (6 weeks) in the patient's usual home environment, aiming to evaluate the ability of the system to operate safely and efficiently during free-life conditions.
RESEARCH DESIGN AND METHODS

Trial Design
This was a single-center, crossover, randomized trial. The study was conducted in compliance with the protocol, the Declaration of Helsinki, and applicable regulatory and Good Clinical Practice requirements. All patients and parents provided a written informed consent prior to trial initiation. The study is listed on www.clinicaltrials.gov (NCT01238406).
Participants and Eligibility Criteria
In June 2013, 24 eligible patients (12 males, 12 females) from the Schneider Children's Medical Center of Israel were recruited for the study. Main eligibility criteria were subject age above 12 and below 65 years, type 1 diabetes at least 1 year since diagnosis, use of an insulin pump for at least 3 months, a previous experience using continuous glucose monitoring (CGM), HbA 1c of $6.5 and ,10%, BMI for age below the 95th percentile, and living with at least one other adult person. Main exclusion criteria were concomitant disease, participation in another study, pregnancy, a history of diabetic ketoacidosis or severe hypoglycemia within the last month, or any medications or other conditions that could influence metabolic control, compromise safety, or prevent subjects from completing the study.
Randomization
This was carried out by permuted blockpaired randomization stratified according to age and sex and glycemic control. Subjects were randomly assigned to participate either as group A, first 1.5-month period under overnight MD-Logic system (closed-loop arm), or group B, first 1.5-month period under SAP therapy. At the end of the first period, patients were asked to participate in another 1.5-month period, i.e., the other arm (all patients agreed), with a washout period of 5 weeks between arms.
Interventions
Each enrolled subject (and in the case of a minor subject, the caretaker as well) participated in a training session on sensor use, calibration, technical issues, problem solving, safety, and data recording as well as basic diabetes guidelines. Then all subjects underwent a 1-month run-in period of sensor wear. All subjects were using the same insulin pump (Paradigm Veo, Medtronic Diabetes, Northridge, CA), a real-time sensor (Enlite sensor with MiniLink 2, Medtronic Diabetes), and a glucose meter (CONTOUR LINK meter, Bayer HealthCare, Basel, Switzerland). Sensor thresholds for high-and low-glucose alarms were activated and uniformly set at 350 and 75 mg/dL, respectively, and the projected alarms were set to 20 min. The patients were allowed to modify or shut off these alarms according to their usual routine. Patients' profile data were collected and recorded (Supplementary Data), and pump optimization was done after the run-in period. Prior to the initiation of each closed-loop session, patients and their caregivers were given further training on the MD-Logic system and available safety measures. Subjects were instructed and encouraged to continue with their usual daily routine with no specific guidelines relating to physical activities; amount, type, and timing of meals; connection time to the system; and any glucose levels. However, they were advised to bolus for any meal or snack consumed according to the usual carbohydrate-to-insulin ratio and to take finger-stick glucose measurements 30 min before dinner, at bedtime, at wakeup time, and when prompted by the sensor. In fact, they could also take any additional measurements as they wished or upon individual advice by their personal physicians.
Safety Measures
A remote monitoring system was exploited for continuous night supervision of patients using the MD-Logic system at home. The remote system was validated for its safety in both an outpatient setting at diabetes camp and at patient homes (13, 14) . The remote monitoring system generated alarms for the attention of the supervising team. These alarms were different from those used by the subjects. Participants also learned how to independently respond to alarms or to calibrate the sensor when instructed by the system. In addition, all patients and caregivers were provided with a telephone hotline and a 24-h emergency remote access to an on-call physician and technical support.
Outcomes
The primary end point was defined as the reduction in overall time spent in nocturnal hypoglycemia (glucose levels below 70 mg/dL). A night period was the time between 2300 until 0700 the next morning. Secondary end points included the time spent at target range (70-140 mg/dL) and time spent in relatively high and low glucose levels, above 240 and below 50 mg/dL, respectively.
The daytime glycemic control was evaluated after nights when the closed loop was operated (per protocol) in order to evaluate the effectiveness of the overnight intervention on daytime glycemic control. Other exploratory comparison measurements are provided in a detailed list in the Supplementary Data. All end points were based on the glucose sensor measurements accumulated during the night sessions.
Setting and Data Collection
Individuals' baseline data during the run-in period (of the sensor, insulin pump, and glucose meter) were downloaded using CareLink software (Medtronic Diabetes) and were used to automatically derive personalized settings for the pump and the MD-Logic system (e.g., a new correction factor, carbohydrate ratio, and basal insulin plan), which were implemented after approval or amendment by the study physician. During the study, subjects and caregivers were instructed to record (in a diary or in the internal pump memory) all physical activity, meals (carbohydrate count), and other events (e.g., technical errors and hypoglycemic episodes). At the end of the study, recorded data were also downloaded using CareLink software.
Statistical Methods
Analyses were based on the intentionto-treat (ITT) population defined as all randomly assigned subjects who ended the study and had at least 12 valid nights. A night session was considered valid if the sensor was active for at least 67% of the time, for both arms, similar to other studies (14, 15) . All end points were analyzed per arm, while, for each end point, each subject provided just one value as an average of all study nights.
Comparisons between closed-loop and control nights were performed using the paired nonparametric Wilcoxon signed rank test or the paired t test with two-tail distribution when the normality assumption holds according to ShapiroWilk test. Multiple regression analysis was applied to compare personalized sensor values over time between study arms. Similar predefined per-protocol analysis was conducted using data from only those nights during which the closed loop or sensor was operated for at least 67% of time. For this cohort, additional analysis was done using the Spearman rank correlation and general linear model to evaluate the relations between the overnight glycemic control and the daytime glycemic control.
The power of the nonparametric tests for the primary end point was estimated on the basis of the results of power simulations (MATLAB 2013b, MathWorks), which were performed using sensor data from 165 patients with the eligibility profile under standard treatment at home (see Supplementary Data). On the basis of previous in-(12) and outpatient (13,14) studies, we calculated that enrollment of 24 participants in total would provide a power of 80% for detecting a 30% reduction in the time below 70 mg/dL at a 0.05 two-sided significant level, assuming that only 70% of the nights would be valid for analysis.
RESULTS
Twenty-four subjects (12 male) with type 1 diabetes were enrolled and underwent randomization. Table 1 shows the characteristics of these subjects at baseline. Two patients withdrew from the study after the first study period (one subject from the control arm and one from the closed-loop arm) because of noncompliance with the sensor, and one subject moved to live alone (not compatible with the inclusion criteria) and therefore could not continue in the study. Thus there were 21 subjects who completed the study (Supplementary Fig. 1) .
Analyses of the ITT population included 19 subjects who met the criteria for inclusion in these analyses. The ITT analysis covered 1,063 valid nights out of 1,482 expected nights. There were no sensor data available for the whole night in 13% of closed-loop and 26% of openloop nights. The main reason for lack of sensor data were probably noncompliance with sensor wear. An additional 7% of closed-loop and 10% of open-loop nights were excluded from analysis since they did not met the criteria for evaluable nights (more than 67% of sensor data at each night In 49 out of the 590 nights of the closed-loop arm, the patients did not operate the system at all since they were away from home. When excluding those 49 nights, we received the perprotocol analysis, where 18 subjects met the criteria for inclusion in these analyses. During control nights, 15 subjects used the glucose sensor alarms for the whole or part of the time, while 3 also used the low-glucose suspend (LGS) feature in their pump (see Supplementary Data). Remote monitoring communications overnight are presented in Supplementary Table 2 . The mean absolute relative difference of the sensor was 15.8% for the closed-loop and 15.9% for the open-loop arm.
Primary and Secondary End Points-ITT and Per-Protocol Analysis
During the 3 months of the study, subjects in the closed-loop arm reduced the time spent at hypoglycemia by a median of 40.2% (IQR 7.9, 70.9%) as compared with subjects in the sensor-augmented insulin pump arm (P = 0.02) ( Table 2) , Table 2 ). The time spent in relatively high blood glucose above 240 mg/dL (13.3 mmol/L) was reduced by a median of 52.2% (IQR 4.8, 72.9%; P = 0.001). The time spent in hypoglycemia below 50 mg/dL (2.8 mmol/L) was low in both groups (P = 0.124) ( Table 2) .
Similar results were obtained for perprotocol analysis when the closed-loop system was on, but the time that glucose levels spent in hypoglycemia below 50 mg/dL (2.8 mmol/L) was significantly less during the closed-loop nights than the control nights (P = 0.04) ( Table 2 ).
Exploratory Comparisons-ITT
Prespecified exploratory comparisons of closed-loop versus control nights are presented in Table 3 . Although fewer total overnight insulin doses were delivered per subject on nights when the closed loop was used (median [IQR] 9 [7, 18.7] The fasting morning blood glucose was reduced by a median of 8.7 mg/dL (IQR 0.8, 19.7; P = 0.005).
The two study arms showed no difference in blood glucose fluctuations, as measured by glucose SD and coefficient of variation (Table 3) . However, converging glucose levels over time demonstrated a significant narrowing in the SD ratio (P , 0.01) only on the closed-loop nights.
The number of hypoglycemic events per night was low for both groups, but the mean area under the curve for nocturnal hypoglycemic events was 62.5% lower in the closed-loop group than in the control group (P = 0.036). The low blood glucose index (LBGI) (16) was significantly lower (P = 0.044).
All tested parameters of hyperglycemia demonstrated a significant improvement during the closed-loop nights (Table 3) .
Daytime Glycemic Control-Per Protocol
Data analysis showed a significant positive relation between the mean overnight glucose and the mean daily glucose for both closed-loop and SAP therapy (Spearman rank correlation coefficient was 0.36 and 0.436, respectively; P , 0.0001). Moreover, when taking into account the treatment arm and intersubject variation (general linear model analysis), we found that the closed-loop treatment had a significantly greater impact on the mean daily glucose than the SAP treatment (b closed-loop = 26.371; SE closed-loop = 2.005; P = 0.002).
The per-protocol analyses showed that the morning fasting glucose levels were significantly lower after nights of closed-loop operation by a median of 15.3 mg/dL (IQR 0.5, 29.0; P = 0.02).
A significant improvement was found in the percentage of glucose readings within 70-180 mg/dL during the days (daytime defined from 0700 to 2300) after closed loop compared with the days after sensor-augmented nights ( 7, 69 .0], respectively; P = 0.006). The area above glucose levels of 140, 180, and 240 mg/dL were significantly reduced (P = 0.009, 0.01, and 0.02, respectively). The average daytime glucose levels were also reduced by a median of 10.0 mg/dL (IQR 22.7, 19.2; P = 0.017) while total day insulin doses were lower (P = 0.038). No change was found in the number and duration of hypoglycemic events during the daytime. Figure 1 delineates the comparison between closed-loop and SAP therapy for daytime and for 24 h (dayand nighttime).
Other exploratory comparisons for the per protocol are presented in Supplementary Table 3 .
Adverse Events
Severe nocturnal hypoglycemia occurred in one participant during the control arm. Although the sensor alerted, he failed to respond. When his wife tried to wake him, he was confused, showing eye rolling. She had to place some honey in his mouth. There were five events of pump occlusion in the closed-loop arm and four events during the control arm. One event of hyperglycemia with ketonuria occurred because of faulty insulin in the control arm. There were no cases of diabetic ketoacidosis in either of the study arms. Five subjects had a local skin allergy related to the CGM-sensor adhesive (Supplementary Table 4 ). 
CONCLUSIONS
In this crossover, randomized, controlled study of long-term home use of a closedloop control, the MD-Logic automated insulin delivery system proved to be a safe and effective tool for overnight treatment of type 1 diabetes. Glycemic control with MD-Logic showed significantly reduced nocturnal hypoglycemia, with increased time within range and lower mean glucose levels, when used during real-life conditions in patients' homes. Hypoglycemia remains the major concern and obstacle with respect to methods for controlling nocturnal blood glucose (17, 18) . The use of LGS was recently found, in a large cohort, to lower the rate and duration of nocturnal hypoglycemia with mild concomitant hyperglycemia in patients prone to hypoglycemia (19) . Our study clearly demonstrated that with the MD-Logic system, there was a significantly lesser risk of hypoglycemia even in a nonselected group. The time and area under the curve for nocturnal hypoglycemic events were significantly reduced. The considerable 45% reduction in the area under the curve for 65 mg/dL (this was the primary outcome measurement in the LGS study) during the closedloop control was accompanied by better control and, contrary to the LGS, reduced risk for overnight hyperglycemia. It is likely that the closed-loop system holds even greater potential for patients who are prone to nocturnal hypoglycemia and also for those who are poorly controlled and less motivated. Overnight closed loop has the potential to mitigate the risk of nocturnal hypoglycemia and has an added value over the LGS in maintaining tighter overnight glycemic control, reducing hyperglycemia, improving glucose variability, and reducing patient fasting blood glucose and thus may consequently improve the daytime control (20) .
In this study, we did not select subjects who were necessarily prone to hypoglycemia, and the prestudy number of nocturnal hypoglycemic events was low. Therefore, the time below 50 mg/dL was initially low and did not change significantly with the use of a closed-loop system in the ITT analysis. However, if we analyze only nights during which the closed-loop system was in use, this reduction in time below 50 mg/dL becomes significant. The number of hypoglycemic events below 70 mg/dL showed a tendency to decrease. Yet, with the more clinically important cutoff below 60 mg/dL, the incidence of hypoglycemia was significantly reduced with closed-loop control.
A major advantage of the system is that the reduction in the risk of hypoglycemia was accompanied by better glycemic control. Time within range was increased, and the time and area above 140, 180, and 240 mg/dL were significantly reduced as were the mean overnight glucose levels. Glucose levels were significantly more stable over time, with narrowing of the IQR and convergence into a narrow desired range. The significantly lower fasting morning glucose levels achieved by the MD-Logic system were found to have a positive effect on daytime glycemic control. Daytime glycemic control is a challenging task. In day and night closedloop studies, most of the impact of the closed loop was attributed to the nighttime control and not to daytime benefits. In a 36-h study of 12 adolescents, the percentage of time within the target range (70-180 mg/dL) was significantly improved compared with conventional pump therapy during 24 h without a difference for the daytime (21) . In another study of 24-h closed-loop control comparing two different control algorithms to conventional insulin pump treatment, the use of both algorithms reduced hypoglycemia, but in the expense of hyperglycemia and elevated mean blood glucose compared with patients' own treatment (5) . On the other hand, better overnight control and morning glucose levels have shown to improve daytime control (22) . Observation patterns recorded from CGM found that improved overnight control has the greatest impact on overall glycemic control (20) . The current study demonstrated that the improved MD-Logic overnight control had a significant impact on the daytime control, with increased time spent within target range and reduced hyperglycemia with no increase in hypoglycemia. The lower insulin doses needed during the day may reflect an improvement in insulin sensitivity that was translated into beneficial effects through the day. These findings suggest that a closed-loop system could be of benefit to patients with type 1 diabetes even when its use is limited to the overnight period.
Although during closed-loop nighttime use the total insulin dose was slightly less than during SAP therapy and the amount of insulin bolus needed was similar, the overnight mean blood glucose was significantly reduced during closed loop. These findings may be related to better insulin treatment with closed loop for meals and for an oncoming hypoglycemia and hyperglycemia. The better control achieved may lead to better insulin sensitivity over time, a possibility not tested in the current study.
Our study showed a significant improvement (by a median of 16.9%) in time spent within range (70-180 mg/dL) during the nights of closed loop, as compared with control nights, with a significant reduction in time spent at hypoglycemia and no increase in insulin doses. These findings are similar to those of our previous study, also conducted at home during 4 nights (14) . To the best of our knowledge, so far there has been only one other study, recently published by Hovorka et al. (3) , which implemented a closed-loop system overnight at home during a 3-week period with a similar methodology. Hovorka et al. (3) also showed an improvement in time spent within range overnight (by a median of 12%), but this was achieved by a significantly greater amount of insulin given overnight and an increase (though not significant) in time spent at hypoglycemia at any level. In both studies, the mean glucose level overnight was similarly reduced by a median of 14 mg/dL, but with a higher SD in the Hovorka study. The major strength of the current study is the relatively longterm overnight use of the MD-Logic closed-loop system under unrestricted real-life conditions, including physical activities, different meals, summer school vacations, various system connection times, and various readings of glucose level at system connection. Longer periods of use may better reflect the actual degree of acceptance of the system by patients. Indeed, the rate of closedloop use was high despite the fact that the algorithm was placed in a laptop computer and that participants had to wear the sensor continuously. The use of a wireless laptop-based system may limit the ability of patients to move freely at home. Its size and weight and the need to connect it to electricity (the battery can last 4 h) all might limit its use. Nevertheless, when used during the nighttime, as in our study, this factor would be of lesser importance. Interestingly, more subjects used the sensor during the closed-loop period than during the open-loop period, despite the same number of visits and follow-up contacts. This may indicate greater satisfaction and therefore better compliance with sensor use during the closed-loop period. The advanced technology of SAP therapy demands almost unremitting attention by patients and caregivers (23) and is still being used only by a small number of patients (24, 25) . Many of those who did begin to use it subsequently discontinued its use (26, 27) , mainly because of the intense effort and decision making involved, fraught with tension and anxiety. This is particularly true for the pediatric age-group and adolescents, who often lack compliance in treating their diabetes (26) . An automated insulin delivery system could reduce considerably the burden of daily management of this chronic, attentiondemanding disease, making it a more attractive treatment option.
While the current study covered a total period of 3 months, with 1.5 months spent in each arm, and provided important information on the prolonged use of the MD-Logic system, it cannot be considered sufficient to determine the long-term impact on glycated hemoglobin and quality of life. The study cohort was heterogeneous, comprising different age-groups and diverse levels of prestudy glycemic control. Since previous studies showed that closed-loop glycemic control in adults and adolescents tends to be similar during the nighttime (28) , it seemed reasonable to include them as a single group in the analysis. It must be noted that the current analysis could not include subgroup age analyses (e.g., per age and prestudy glycemic control) because of the small size of the study cohort.
In conclusion, this study demonstrated that the MD-Logic system can be safely incorporated into the daily use of children, adolescents, and adults with type 1 diabetes. This system provides an effective mean to mitigate the risk of nocturnal hypoglycemia and has an added value over other strategies in maintaining tighter overnight glycemic control, reducing hyperglycemia, improving glucose variability, and reducing patient fasting blood glucose, which may improve the daytime control.
